The phenomena of photoreactivation (Jagger, 1958) and dark reactivation (Ellison, Erlanger, and Allen, 1955; Heinmets et al., 1954; Roberts and Aldous, 1949) , while raising questions concerning the mechanism of action of ultraviolet irradiation (Zelle and Hollaender, 1955; Kimball, 1957) , have also been useful tools for the study of radiation effects on living systems. Many factors which alter the viability of irradiated organisms imply the absence of simple relationships between the quantity of energy absorbed by a cell and the definite subsequent alterations in cell physiology observed. The quantity (Heinmets et al., 1954; Zelle and Hollaender, 1955) and the wave length (Loofbourow, 1948; Barner and Cohen, 1956 ) of inactivating radiation and the postirradiation treatment influence the inactivation levels associated with the absorption of a given amount of radiant energy by bacteria (Charles and Zimmerman, 1956; Stapleton et al., 1955; Weatherwax, 1956) .
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Preliminary experiments concerning postultraviolet irradiation phenomena have been reported (Woodside and Kocholaty, 1954; Woodside, Goucher, and Kocholaty, 1958 Plating media were the same as those used for growth, but with the addition of 1 per cent agar (Roberts and Aldous, 1949) . The buffer solution referred to in the following was 0.06 M potassium phosphate adjusted to pH 7.4 with KOH.
Preparation of cultures. Cells harvested in their logarithmic and stationary growth phase were used, the former grown for 8 hr, the latter for 20 hr and aerated subsequently. An 8-hr culture was prepared by inoculating 100 ml of a minimal medium with 0.5 ml of a 16-hr culture and incubation for 8 hr at 30 C on a rotary shaker. The cells were then centrifuged and washed twice with 30 ml of cold phosphate buffer. These cell suspensions were adjusted to an optical density of 0.79 at 5750 A (approximately 1 X 1011 cells/ml) in tubes, 19 by 150 mm, using a spectrophotometer.
This stock suspension was diluted further in phosphate buffer at room temperature to a concentration of approximately 2 X 106 cells/ml before ultraviolet irradiation.
For the preparation of 20-hr-old and 20-hr aerated cells, 0.5 ml of an 8-hr-old culture was inoculated into 100 ml of the minimal medium. After a 20-hr growth period, the cells were treated in the same manner as the 8-hr-old cells. The cells, suspended in buffer, were aerated at 30 C on the rotary shaker, centrifuged, and brought to an optical density of 0.79 with cold buffer.
Irradiation. Ultraviolet irradiation was carried out at room temperature in 0.06 M phosphate buffer. The source of the ultraviolet radiation was a 15-watt germicidal lamp placed 56 cm from the sample. A constant voltage regulator was inserted in the power line, and the lamp was allowed to burn for 30 min before the irradiation of the samples. The depth of all samples was 4.5 mm (Heinmets and Taylor, 1951 (Johnson, Flager, and Blum, 1950) . Two lights were placed on each side of the suspensions to be illuminated. The bottom lights were 8 cm and the top lights 2.5 cm distant from the samples. During photoreactivation, suspensions were maintained at 30 or 37 C. In all photoreactivation experiments one part of the ultraviolet irradiated cells was diluted with two parts of the appropriate substrate before exposure to visible light. During the experiments the room was illuminated with a yellow light (Dulbecco, 1950) .
Plating technique. The pour plate method as modified by Snyder (1947) was used. The poured plates were maintained at room temperature for 90 min, and then placed in a 37 C incubator. Plates containing minimal medium and those containing nutrient broth were incubated 48 and 24 hr, respectively.
Calculations. Ultraviolet inactivation and photoreactivation dose survival curves, dose reduction ratios, loss of photoreactivability due to incubation of irradiated cells before photoreactivation and relative recovery of cells after prolonged incubation period were calculated according to Kelner (1949a, b) . Plots of the logarithmic growth phase were carried out according to Beckhorn (1952) .
RESULTS AND DISCUSSION
Differences in the survival of irradiated E. coli strains B and B/r under various environmental conditions may lead to an understanding of biochemical mechanisms associated with the radiation sensitivity of living cells. Demerec and Laterjet (1946) B /r is more resistant to ultraviolet radiation in the stationary than in the logarithmic growth phase. It was observed (figures la and lb) that both the radiation sensitive and resistant strains of E. coli were more resistant to the lethal effects of ultraviolet radiation in the stationary than in the logarithmic growth phase. However, irradiated cells of E. coli strain B/r were reactivated to the same extent in the logarithmic and the stationary growth phases. The average dose reduction ratio for cells in the stationary or logarithmic phase was 2.1. The dose reduction ratios for cells of strain B in the stationary and logarithmic phase were 2.3 and 2.5, respectively. Thus, the strain of E. coli that was more sensitive to inactivation by ultraviolet was more amenable to the restorative influence of visible light. at exposures which approached those giving maximal reactivation. When radiation was continued beyond those doses giving maximal photoreactivation, survival for a particular organism was strongly dependent on the chemical composition of the suspending medium. The particular doses of reactivating light which gave maximal reactivation of cells in minimal medium also gave maximal reactivation of cells suspended in buffer or in buffer containing glucose. However, doses of reactivating light greater than those effecting maximal reactivation in these three media gave less than maximal reactivation of cells of both strains suspended in buffer with glucose, and again less than maximal reactivation of cells of the B/r strain suspended in buffer. Data in figure 2 indicate that the ultraviolet resistant organism, strain B/r, was considerably more susceptible to the deleterious effects of reactivating light than the B strain. Cells of both strains were damaged by prolonged exposure to reactivating light when suspended in phosphate buffer containing glucose or in potassiumphosphate buffer alone. In these media the ultraviolet-resistant organism was much more sensitive to inactivation by visible light than the ultraviolet sensitive organism. However, cells of neither strain were injured by reactivating light when suspended in minimal medium containing glucose.
The rate of loss of the ability of E. coli strains B and B/r to be photoreactivated appeared to be conditioned by the chemical environment of the ultraviolet inactivated cells and by the temperature at which the inactivated cells were incubated before and after reactivation. Figure 3 shows the effects of temperature and of the chemical composition of the suspending medium on the rate at which the ability to be photoreactivated was lost in both strains. The rate of this loss appeared to be enhanced by the presence of compounds capable of supporting the normal growth of the organism and by an elevation in temperature. These findings agree with Kelner's observation (1949b) that cells of strain B/r lose the ability to be photoreactivated more rapidly in nutrient broth than in saline and that the rate of loss of the ability to be photoreactivated increased with increasing temperatures.
The extent of inactivation in both strains depended, at certain radiation levels, on the / SOlo4U/t WX~~~~~~~~Ol chemical composition of the suspending medium, the temperature, and the length of time elapsed between the irradiation and the plating of the cells on a solid medium. Figure 4 shows the postirradiation dark survival of cells of strains B and B/r after exposure to identical doses of ultraviolet radiation. Viable cell counts made immediately after irradiation showed that strain B/r survived in larger number than strain B when postirradiation incubation was done either in the complete medium or in phosphate buffer. Maximal dark recovery of E. coli strain B occurred within 3 to 5 hr after irradiation and was followed by diminished viable cell count until the onset of the logarithmic growth phase (figures 4 and 5).
Removal of cells from minimal medium to nutrient agar immediately after irradiation resulted in fewer cells surviving irradiation than the removal of cells at subsequent time intervals (table 1) . Thus, a recovery of viability was observed where cells were incubated in the dark in minimal medium and viability determined by colony formation on minimal medium with agar. Accordingly, an attempt was made to find what condition or constituent of the incubation me- dium (minimal medium) contributed to this phenomenon of dark reactivation.
Data presented in table 1 show that the onset of logarithmic growth required a greater length of time when irradiated cells were suspended in minimal medium than when suspended in nutrient broth. It was observed also that irradiated cells, which were incubated in minimal medium, survived in larger numbers when plated on nutrient broth agar than when plated on minimal medium containing agar. These occurrences suggest that environmental conditions which delayed cell division immediately following irradiation enhanced the number of cells surviving exposure to radiation upon prolonged incubation.
The importance of various ions and of ion combinations to the growth and survival of both unirradiated and irradiated cells of E. coli strain B is shown in figure 6 . The values on the ordinates are the ratios of the number of viable cells present in a particular medium to the number of viable cells present in potassium phosphate buffer at a given time. A comparison of the two curves in each graph shows the importance of a particular cation to the survival of irradiated cells relative to the survival of unirradiated cells when these organisms were incubated in a given medium for the time indicated and then plated on minimal medium with glucose. The omission of Fe++, Mg+, Ca+ , and NH4+ from minimal medium had no effect on the recovery of viability during dark incubation. Furthermore, a comparison of the slopes of the dark reactivation curves with the unirradiated controls revealed a rate of dark reactivation considerably greater than the rate of logarithmic growth of unirradiated cells.
It was observed ( figure 6G ) that the restoration of viability occurring in potassium phosphate buffer containing glucose paralleled that of the complete growth medium ( figure 6A ). The importance of glucose both to the phenomenon of dark reactivation and to the maintenance of viability of unirradiated cells is also indicated. The importance of the potassium ion to the reactivation phenomenon is revealed by comparing figures 6G and 6H. Irradiated cells suspended with sodium phosphate and glucose showed only M of dark recovery observed with cells in a medium containing potassium phosphate and glucose. Thus not only glucose but the potassium ion also contributed significantly to dark recovery.
The results of this study emphasize again the need for rigidly controlled experimental procedures in the investigation of irradiated bacteria (Goucher, Kamai, and Kocholaty, 1956) . Also a question may be raised concerning the nature of that unique lesion caused by absorption of radiation which is repaired or compensated by such diverse influences as the potassium ion concentration of the suspending medium or the quantity of visible light incident to the bacterial cell. 
SUMMARY
Strains B and B/r of Escherichia coli were shown to be more resistant to the lethal effects of ultraviolet radiation in the stationary than in the logarithmic growth phase.
Dark recovery of E. coli strain B from irradiation injury was observed. This spontaneous recovery was not observed with the radiation resistant organism. This increase in viability was demonstrable over a wide range of exposures to ultraviolet. Furthermore, the restoration depended on the temperature and on the composition of the medium in which the cells were suspended. Potassium ions, phosphate ions, and glucose were found to stimulate dark reactivation.
Inactivation of photoreactivated suspensions occurred with prolonged exposure to reactivating light if such suspensions contained only glucose and potassium phosphate. Inactivation by reactivating light was not observed in minimal medium with glucose.
The rate of loss of the ability to be photoreactivated occurring with prolonged incubation of ultraviolet irradiated cells was greater in media supporting growth than in media incapable of supporting growth. The temperature coefficient for the rate at which the ability to be photoreactivated was lost was larger in the B strain than in the B/r strain.
